Functional and molecular MRI techniques are capable of measuring biologic properties of tumor tissue. Knowledge of these biological properties may improve radiation treatment by more accurately identifying tumor volumes, characterizing radioresistant subvolumes of tumor before radiation therapy (RT), and identifying recurrent disease after RT. Intravoxel incoherent motion MRI, blood oxygenation leveledependent MRI, tissue oxygenation leveledependent MRI, hyperpolarized 13 C MRI, and chemical exchange saturation transfer MRI are relatively new MRI techniques that have shown promise for contributing to RT planning and response assessment. This review critically evaluates these emerging MR techniques, their potential role in RT planning, utility to date, and challenges to integration into the current clinical workflow. Ó
Introduction
Anatomic MR images are increasingly integrated into radiation therapy (RT) planning, with published data demonstrating improvements in tumor delineation, dosimetry, and reduced toxicities compared with fluoroscopic, ultrasound, or CT-based planning (1) . Limitations of conventional anatomic MRI are encountered when the morphologic appearance of residual or early recurrent disease overlaps with normal anatomy or treatment effects. Functional and molecular MR imaging techniques assess physiological parameters that are relevant to tumor biology, such as diffusion, perfusion, and oxygenation, and have the potential to overcome the limitations of conventional MRI. These techniques have the potential to improve detection of RT response and outcome and enable implementation of patient-tailored adaptive therapy regimens (2) . Dynamic contrast-enhanced MRI (DCE MRI) and diffusion-weighted MRI (DW MRI) are well-known functional and molecular MRI techniques that have demonstrated success in RT response assessment, by interrogating changes in tissue perfusion and the Brownian motion of water molecules, respectively. Newer techniques, including intravoxel incoherent motion (IVIM) MRI, blood oxygenation leveledependent (BOLD) and tissue oxygenation leveledependent (TOLD) MRI, hyperpolarized 13 C MRI, and chemical exchange saturation transfer (CEST) MRI, permit noninvasive assessments of tissue properties that were previously impossible to evaluate. These assessments include the concomitant quantification of tissue water diffusion and perfusion in the absence of exogenous contrast agents, real-time assessments of blood and tissue oxygenation and tumor, and normal tissue glucose metabolism and protein concentration. Each of these properties is known to be altered in the setting of malignancy and as a result of RT. The focus of this article is to present a comprehensive review of these emerging MRI techniques, summarizing their potential clinical impact as well as the preclinical and clinical data relevant to potential RT planning, response assessment, and patient stratification.
Methods
A comprehensive search of the PubMed database was performed using the following imaging techniques: IVIM MRI, BOLD MRI, TOLD MRI, hyperpolarized 13 C MRI, and CEST MRI, in conjunction with the following terms: "radiation treatment," "radiotherapy," "radiation response assessment," "radioresistance," and "radiation treatment planning." For each technique besides IVIM MRI, all published reports found through this search were included in this review. For IVIM MRI, priority was placed on summarizing the results of studies published within the past 5 years.
Emerging Functional MRI Techniques IVIM MRI Overview
Standard DW MRI and corresponding apparent diffusion coefficient (ADC) maps evaluate differences in the brownian motion of water caused by differences in tissue microstructure. Diffusion-weighted imaging and ADC images can therefore delineate areas of increased cellularity, as seen in sites of viable tumor (3) . Standard ADC maps are acquired via a monoexponential approach, a relatively simple analytical approach relating signal attenuation to b value, that is unable to separate tissue diffusivity from microvascular perfusion (4, 5) . Intravoxel incoherent motion MRI, developed by Le Bihan in the 1980s, uses a biexponential analytic approach, enabling the separation of perfusion-related parameters, including the pseudodiffusion coefficient (D*) and perfusion fraction (f), from tissue diffusivity parameters (ie, the pure diffusion coefficient [D]) (4, 5) . As a result, concomitant information on both tissue perfusion and cell density can be derived noninvasively with IVIM imaging, without the administration of exogenous contrast agents as is required for traditional methods of perfusion assessment (eg, DCE MRI) (4-7).
For IVIM, multiple b values are used to acquire images at both low b values 100 s/mm 2 and high b values > 100 e 1000 s/mm 2 . Signal attenuation is acquired at low b values associated with tissue diffusion and microcapillary perfusion as well as at high b values associated with only tissue diffusion. In well perfused tissue, the signal intensity versus b value shows steeper signal attenuation between points acquired with low b values compared with points acquired with high b values. The data are then fit with a biexponential function with the assumption that signal attenuation observed is due to both tissue diffusion and capillary perfusion effects. A minimum of 4 b values is needed to estimate these metrics, although a larger number of b values are typically used to provide more precise estimations (8) .
IVIM kinetics during RT and chemoradiotherapy
Intravoxel incoherent motion has been compared with more established techniques (eg, DCE MRI) for evaluating tumor perfusion during RT and chemoradiotherapy (CRT). In 23 metastatic lymph nodes of head and neck squamous cell carcinoma, Marzi et al (9) observed a positive relationship between the perfusion-related diffusion coefficient and semi-quantitative DCE parameters describing tissue perfusion (positive enhancement integral and maximum slope of increase). Hou et al (10) demonstrated in 43 nasopharyngeal carcinoma patients for whom water diffusivity, D, measured before CRT, had a higher area under the curve in receiver operating characteristic curve analysis than quantitative DCE analysis in the prediction of short-term responses to CRT. Gaeta et al (11) demonstrated a significant change in initial area under the curve (measured with DCE MRI) and D* over time in response to RT in 15 lytic bone metastases from breast cancer. These studies suggest that perfusion-related and noneperfusion-related diffusion coefficients are similar to or superior to DCE-derived parameters in evaluating perfusion during RT in a variety of cancer types.
Multiple studies have compared IVIM-derived diffusion and perfusion measurements and traditional ADC measurements to predict and monitor response to RT and CRT. Marzi et al (12) showed that pretreatment D and f parameters derived with IVIM were superior to ADC in predicting the relative shrinkage of irradiated salivary gland in 34 patients with head and neck cancer. Lai et al (13) showed that D and f values were significantly lower in nasopharyngeal carcinoma versus postchemoradiotherapy fibrosis, whereas ADC values were not significantly different in 53 patients. Other studies have shown that water diffusivity as measured with IVIM and traditional monoexponential analysis is similar in evaluating RT response. Additionally, these studies have shown that water diffusivity measurements are more helpful than perfusion-related diffusion coefficients (D* and f) derived from IVIM in assessing RT response. Nougaret et al (14) showed that median D and ADC values obtained after CRT in 31 patients with rectal cancer were useful in discriminating good versus poor responders to RT, as assessed by histopathology, but D* and f were not. Xiao-ping et al (15) showed that pretreatment ADC, pretreatment D, and change in %D could successfully discriminate nasopharyngeal carcinoma patients who would have complete response to CRT from those who would have a partial response, with response defined by volume of residual tumor at the end of the study. These findings suggest that diffusion-related IVIM parameters may be more predictive than perfusion-related IVIM parameters in evaluating RT response in certain cancer types.
BOLD and TOLD MRI Overview
Tumor hypoxia, which has been associated with tumor aggressiveness and radioresistance, can be measured noninvasively with BOLD/TOLD MRI techniques (16) . Blood oxygen leveledependent MRI measures hypoxia through signal loss in tissue because of paramagnetic deoxygenated red blood cells, which generate local magnetic field gradients (17) . Tissue oxygenation leveledependent MRI distinguishes oxygenated tissue from hypoxic tissue through a signal increase in oxygenated tissue because of the absence of paramagnetic deoxyhemoglobin. These effects are detected by acquiring spinespin relaxation time (T 2 *) and spinelattice relaxation time (T 1 ) measurements, respectively.
Blood oxygenation leveledependent imaging typically involves the use of a T 2 -weighted gradient echo with a multi-echo sequence. Tissue oxygenation leveledependent imaging involves acquiring multiple T 1 -weighted images. T 2 * is measured by fitting an exponential function to the multi-echo data with respect to the echo time. Similarly, T 1 is measured by fitting an exponential function to the T 1 -weighted image data with respect to the repetition time. In many BOLD and TOLD MRI experiments, MRI sequences are performed before and after an oxygen challenge ( Fig. 1A ). The change in T 2 * or T 1 before and after hyperoxic challenge is used as a measure of hypoxia, with normoxic tissue showing a larger change in T 2 * and T 1 compared with hypoxic tissue (Fig. 1B ). Differentiating normoxic from hypoxic tissue can potentially be beneficial in generating a treatment plan because a lower dose of radiation will likely be used for normoxic tissue relative to hypoxic tissue.
Blood oxygenation leveledependent/TOLD MRI measurements correlate with direct measures of tissue oxygenation. Zhao et al (18) described a significant correlation between mean tumor partial pressure of oxygen (pO 2 ) measurements made with 19 F MRI oximetry and the change in mean T 2 * values after hyperoxic challenge in rat 13762NF breast carcinomas. O'Connor et al (17) observed a correlation between DCE MRI and TOLD MRI in 10 patients with locally advanced or metastatic disease within the abdomen and/or pelvis. Here, moderate uptake of gadolinium (moderate perfusion) was associated with a small change in T 1 after hyperoxic challenge (low oxygen concentration), indicating that DCE MRI and TOLD MRI can be used together to identify hypoxic tissue (19) .
BOLD and TOLD as a predictor of response to RT and CRT
Several preclinical studies have compared the ability of BOLD and TOLD MRI to predict and monitor response to RT. White et al (20) examined 25 Dunning R3327-AT1 prostate tumors in a rat model and showed that tumors with a large TOLD response (DR 1 ) after hyperoxic challenge before radiation treatment (normoxic tissue) had a significant growth delay compared with tumors that had a low TOLD response before treatment (hypoxic tissue). Hallac et al (21) showed similar results in the same tumor model, emphasizing the potential importance of pretreatment TOLD MRI measurements in prostrate tumors in RT. Zhou et al (22) demonstrated the ability of BOLD MRI to detect RT effects in a preclinical lung cancer model shortly after Clinical studies have shown that BOLD and/or TOLD are sensitive to hyperoxic gas challenge in patients with breast, brain, cervix, prostate, liver, and head and neck cancer (24) (25) (26) (27) (28) (29) . Clinical translation of BOLD/TOLD to predict radiation response in patients is expected in the future (30) .
Hyperpolarized 13 C MRI
Overview Dysregulated metabolism is a hallmark of malignancies and associated with poor prognosis. Potential benefits of imaging cancer metabolism in vivo include the potential to provide information concerning pretreatment tumor aggressiveness, to detect modulations in metabolism at early stages after therapy, and to elucidate metabolic signatures associated with responder status to improve patient stratification and prognostication (31) (32) (33) . Magnetic resonance spectroscopy has been used to measure metabolite concentrations in vivo, but sensitivity is poor and only molecules with hydrogen can be imaged. Hyperpolarization increases the MR signal intensity of MR-visible nuclei by a factor of 10,000 or more and thereby greatly improves detection sensitivity, which allows for molecules other than hydrogen, like 13 C, to be imaged (34) .
The majority of literature on hyperpolarized MRI in cancer has used 13 C-pyruvate, given its sufficiently long T 1 relaxation time and the central role of pyruvate in metabolism and aerobic glycolysis (32) . Other substrates that have been successfully hyperpolarized include 13 C-fumarate, which has been studied as a marker of cell necrosis (35, 36) , 13 C-bicarbonate as a measure of pH (36, 37) , and 13 C-urea as a marker of perfusion (36) . 13 C-pyruvate and its byproduct in aerobic glycolysis, 13 C-lactate, serve as markers for dysregulated metabolism. Contrary to normal differentiated cells, which rely on mitochondrial oxidative phosphorylation to produce adenosine triphosphate (ATP), cancer cells produce ATP less efficiently through enhanced aerobic glycolysis, and the glycolytic intermediates formed can be used to generate energy substrates needed for rapid proliferation (38) . The end product of aerobic glycolysis is lactate, which is not formed during mitochondrial oxidative phosphorylation. Thus, monitoring hyperpolarized 13 Cpyruvate consumption and hyperpolarized 13 C-lactate accumulation in tumors after injection of hyperpolarized 13 C-pyruvate allows for lactate fractions and apparent pyruvate-to-lactate conversion rates to be measured, which have been shown to differentiate high-versus low-grade tumors and tumor versus necrotic tissue (39) .
In vivo metabolic imaging by MRI has historically been limited by poor signal-to-noise ratio. Dynamic nuclear polarization is a technique that permits significant (>10,000-fold) improvements in sensitivity, making nuclear MRI a viable method to evaluate metabolic conversions in real time. Dynamic nuclear polarization is the method most widely used to enhance spin polarization, including in initial clinical trials. This method transfers the nuclear spin state of highly polarized electrons to nuclei. Once polarized, 13 C-pyruvate has an approximate 30-to 40-second half-life after it leaves the dynamic nuclear polarization polarizer, with its detectable MR signal lasting for a few minutes. Thus, injection of the hyperpolarized agent, uptake of the agent by the tissue of interest, and metabolism of the agent must occur rapidly. Fast imaging sequences with low tip angle excitation pulses are typically used to maximize dynamic information obtained and minimize signal loss (40) . Analysis methods to measure pyruvate-to-lactate conversion rates require a pharmacokinetic model that accounts for delivery, the transient nature of the signal, and variation in spatial distribution of nuclei over time (41) . Recent work at our institution demonstrates typical data outputs in a hyperpolarized 13 C-pyruvate experiment, with pyruvate and lactate signal recorded after injection and a time averaged spectrum used to calculate lactate fractions in a clinically relevant human papillomaviruseassociated gynecologic cancer model (Fig. 2, Video 1) .
Hyperpolarized 13 C-pyruvate MRI as a predictor of response to RT Hyperpolarized 13 C MRI is a relatively new technique and requires complicated imaging acquisitions and analytic techniques, as well as an instrument that can perform hyperpolarization. As such, there are limited preclinical studies that have examined hyperpolarized 13 C MRI for RT response and no known clinical studies to date. The existing preclinical studies are discussed.
Sandulache et al (42) demonstrated an acute drop in the conversion rate of 13 C-pyruvate to 13 C-lactate after RT in a preclinical model of anaplastic thyroid cancer (42) . The drop in conversion rate was confirmed ex vivo to correspond to decreased concentrations of reducing equivalents in tumor. Because tumor cells use reducing equivalents to neutralize reactive oxygen species, which mediate ionizing radiation cytotoxicity, a reduction in the reducing potential of tumors is indicative of treatment response. Day et al (43) investigated the ability of hyperpolarized 13 C-pyruvate MRI to detect treatment response to RT in a glioma tumor model. High levels of lactate were observed in tumor compared with surrounding brain, with a 34% decrease in the measured tumor lactate fraction detectable 72 hours after whole-brain radiation with 15 Gy. Saito et al (44) observed a significant decrease in lactate fraction measurements immediately after RT relative to before treatment in squamous cell carcinoma (SCCVII) and colon cancer (HT-29) tumors implanted subcutaneously in mice. These preclinical studies suggest that hyperpolarized 13 C-pyruvate MRI may serve as a useful biomarker to evaluate radiation treatment effects at early time points.
Chemical exchange saturation transfer
Overview Chemical exchange saturation transfer MRI indirectly measures mobile protein and peptide content in tissue. Protein content is higher in areas of increased cellular density and proliferation, which may be increased in rapidly proliferating tumors. This imaging approach may be informative to monitor early effects of RT, which results in destruction of the cytoplasm, increasing the mobile protein content. Decreases in mobile protein content with CEST MRI may, in fact, be observed at earlier time points than decreases in tissue cellularity assessed with DW MRI.
Chemical exchange saturation transfer (CEST) detects endogenous biomolecules that possess protons that can undergo exchange with water molecules (45, 46) . Endogenous biomolecules include amide protons of mobile proteins (amide proton transfer [APT] MRI) (47) , amine protons of mobile proteins (amine CEST) (48), glycosaminoglycans (49) , glutamate (50), creatine (51) , and lactate (52) . Evidence suggests that viable solid tumors have higher concentrations of mobile proteins and peptides than normal tissue, thus tumors generate higher contrast with APT and amine CEST MRI relative to normal tissue 53-56 ( Fig. 3 ). Amide proton transfer MRI findings have been associated with tumor grade as assessed by histopathology, with decreases in CEST signal intensity observed as a result of therapy (57) (58) (59) . Amine CEST MRI has also shown promise in detecting tumor response to therapy in the preclinical setting (60) .
Chemical exchange saturation transfer imaging is acquired by applying a radiofrequency saturation pulse at the resonant frequency of a proton on the biomolecule of interest that can exchange with protons on water molecules. The saturation pulse destroys the signal from the exchangeable proton, after which the proton exchanges with water and causes a loss in the water signal ( Fig. 4) . Imaging typically involves acquiring proton densitye weighted images using a range of saturation frequencies.
A CEST spectrum can then be generated by plotting water signal intensity versus MR saturation frequency.
CEST as a predictor of response to RT Ma et al (61) used APT MRI to distinguish true progression from pseudoprogression in glioma patients who received radiation treatment (61) . Necrosis and inflammation are common side effects of radiation treatment and can sometimes be mistaken as recurrent tumor on standard T 2 -weighted and gadolinium-enhanced MR scans (pseudoprogression). In this study, patients later diagnosed with true progression demonstrated hyperintense tumor APT signal intensities, whereas patients later diagnosed with pseudoprogression showed isointense to mildly hyperintense tumor APT signal intensities (Fig. 5 ). Similar results were seen in a preclinical glioma model (62) , corroborating the assumption that RT results in the destruction of the cytoplasm, which is rich in mobile protein content, thus causing a decrease in APT signal intensity Clinical studies of CEST MRI have been used in multiple research centers worldwide (63), but the ability of CEST MRI to predict and evaluate RT response is currently limited to the single glioma study by Ma et al described (61) . More studies are expected in the near future, given the clinical feasibility of CEST MRI acquisitions and analytical techniques.
Planning Considerations for Functional MR-Guided RT
The prospect of greater multiparametric MRI integration into RT planning poses several challenges. At present, CT remains the primary imaging modality used for clinical RT planning, with CT-based calculations of the mass attenuation coefficient being critical for precise radiation dose calculation (64) . Magnetic resonance imaging is unable to calculate the mass attenuation coefficient with the same accuracy as CT, although advances have been made to address this problem by providing more accurate estimations for the necessary electron density information (65, 66) . Magnetic resonance imaging offers unique advantages given its superior soft tissue contrast relative to CT. The development of MRelinear accelerator (MR-Linac) systems offering real-time MRI of tumor locations during treatment delivery is expected to facilitate greater real-time MR-based RT planning and execution, with the potential to improve the identification of radiosensitive areas and better sculpt dose to the planning target volume, thus widening the therapeutic window (67) . Modulation of dose according to user specifications allows for escalated dose to tumor while maintaining consistent minimal dose to organs at risk. Existing technical challenges inherent to the MR-Linac include the lack of electron density data obtained, which limits the measurement accuracy of dose calculation (68) . In addition, secondary electrons caused by the magnetic field within the MR-Linac influence RT dose distribution. These issues are being addressed during the development of the MR-Linac, with strategies including a real-time Monte Carlo approach to account for the influence of the magnetic field on dose calculation (69).
Potential Roles of Functional and Molecular MRI for Adaptive Therapy Planning
At present, MRI-based dose modifications can be challenging to implement, particularly early in the course of RT as the tumor microenvironment is affected by hypoxia, granulation tissue, and edema, with both residual tumor and radiation fibrosis appearing as areas of increased signal on T 2 -weighted images. Biological feedback derived from functional imaging may make it possible to identify viable tumor from radiation effects. Adaptive RT could alter the treatment plan to account for functional changes to the target volume and organs at risk. The ability to adapt according to the information derived from functional imaging, particularly if this feedback precedes morphologic changes, may enable patient-specific dose escalation, thus improving treatment accuracy and reducing toxicities (70) . Adaptive RT studies have not been investigated with IVIM, BOLD/TOLD MRI, CEST MRI, or hyperpolarized 13 C MRI to date, but it is noted that these methods have unique advantages compared with more well-studied techniques, 
Challenges Related to Use of Functional MRI for RT Guidance
Anatomic CT and MRI scans produce high spatial resolution images of 1 to 2 mm 3 . Functional MR images are typically acquired with lower spatial resolution ( Table 1) . This is especially true in the case of hyperpolarized 13 C-pyruvate MRI, which has a short 30-to 40-second halflife that requires fast imaging sequences, sacrificing spatial resolution and the number of slices that can be collected. In fact, many preclinical hyperpolarized 13 C studies collect data from a single slice without spatial information. Low spatial resolution images are difficult to co-register with anatomic MR/CT images, thus complicating RT target definition. As such, hyperpolarized MRI may be more suitable in assessing RT response than for the development of a multi-voxel treatment plan. Chemical exchange saturation transfer and BOLD/TOLD MRI techniques provide images at spatial resolutions comparable to anatomic MRI scans, with the potential to guide voxel level dose delivery. Intravoxel incoherent motion MRI and BOLD MRI data acquire images purely from water molecules and therefore can be easily performed at clinically relevant field strengths (1.5-3 T). Hyperpolarized MRI and CEST MRI rely on acquiring signal from small pools of endogenous and exogenous biomolecules and therefore benefit significantly from higher field strengths. In fact, many clinical CEST MRI studies of exogenous molecules are performed at 7 T owing to the increase in signal obtained, as well as the more selective saturation of exogenous molecules that is offered at 7 T compared with 3 T. Technical advancements are anticipated for CEST and hyperpolarized MRI techniques to increase detection sensitivity so that they can be performed routinely at lower field strengths, thus broadening their applicability across practice settings.
Geometric distortions in images caused by magnetic field inhomogeneity or MR gradient coil nonlinearity also complicate the integration of advanced functional imaging techniques for RT planning. If the distortion is intrinsic to the scanner itself, the distortion can be corrected for through modeling or by insertion of a non-uniform object. However, patient-induced geometric distortions, which are typical in the lung and head and neck regions, cannot be corrected. Patient motion can also compromise MR tumor localization. For targeted RT, extensive care needs to be taken to ensure the dose is delivered precisely and accurately. Thus, sufficient correction algorithms are needed for MR images acquired in parts of the body commonly associated with geometric and motion distortion.
Quantification methods to generate parametric maps are challenging for many functional and molecular MR techniques. For example, DCE MRI and hyperpolarized MRI often use complex pharmacokinetic models to measure functional parameters, which increase postprocessing time and can be difficult to replicate precisely because they are often user-intensive. Differences in procedural and postprocessing techniques have led to large differences in parameter estimations between studies. Thus, standardized acquisition and quantitative analysis methods need to be determined for certain functional MR techniques to improve robustness. Furthermore, visual interpretation of parametric maps is greatly influenced by the threshold chosen. For example, the perception of tumor size or the degree of aggressiveness of the tumor can be changed drastically by simply changing the maximum value of the parametric map. Because interpretation of some functional parameters, like K trans in DCE MRI, is still uncertain, guidance for thresholds is lacking and thus left largely to the discretion of the individual analyzing the data.
The optimal timing to acquire functional images for RT planning/monitoring is currently unknown and remains an area of investigation. Because cancer metabolism, tumor cell proliferation, and hypoxia are expected to change significantly throughout treatment, it will be important to determine exactly when and how often functional MR techniques should be used. In addition to timing, interpretation can become difficult if functional MR maps provide conflicting information. In past studies, support vector machine or logistic regression models have been used to increase confidence in the interpretation of multiparametric information (73) (74) (75) .
Scanning time costs remain barriers to widespread integration of functional MRI for RT planning. Many CEST MRI techniques require long scan times because of the necessity of applying long saturation periods before each image acquisition and acquiring multiple images to obtain a CEST spectrum. Blood oxygen leveledependent MRI requires multiple scans when acquiring images with and without a hyperoxic challenge. Hyperpolarized MR acquisitions are short (roughly 3 minutes), but they depend on successful polarization of an agent, which requires sufficient time (roughly 1 hour for 13 C-pyruvate) and therefore could cause a long scan time if the polarization process and the beginning of MR acquisitions are not timed properly. Increased scan time leads to increased cost as well as increased patient discomfort during scanning, which can lead to image registration issues between functional MR images and anatomic MR images as a result of movement in between scans. Several strategies are being developed to circumvent these limitations. Examples include the development of fast 3-dimensional gradient echo sequences for CEST MRI that significantly shorten multi-slice CEST MRI acquisition times. Additionally, advanced parallel imaging methods, which can be applied to most MRI techniques, including CEST and BOLD/TOLD MRI, are being developed to increase MR scan acquisition speeds by reducing the number of phase-encoding steps collected during imaging (76) .
Conclusions
Recently developed functional and molecular MR techniques offer unique means of assessing tumor perfusion, cell density, hypoxia, and metabolism and thus have the potential for translational applications in adaptive treatment planning, prediction of outcome, and monitoring of treatment response. Diffusion-weighted imaging, DCE MRI, and MR spectroscopy have shown promise in predicting and monitoring response to RT. Blood oxygen leveledependent, TOLD, CEST, and hyperpolarized MRI are newer techniques that have been explored primarily in the preclinical setting and in a finite number of clinical studies, which have shown promise in providing additional functional detail relevant to RT planning and response assessment. Integration of functional and molecular MR techniques into current radiation treatment workflow will necessitate overcoming technical limitations, including low spatial/temporal resolution and the need for standardization of methods. Continued maturation of these techniques is anticipated, with optimization and standardization of protocols and the development of image analysis algorithms capable of accounting for intratumoral heterogeneity and changes in intratumoral MR signal during therapy. Additional advances are anticipated to combine functional MR and positron emission tomography parameters, which may have a role in RT planning and assessment in the future (77) . Reproducibility across sites should be ensured to facilitate clinical translation of these technologies. Working groups are in the process of developing standardized methods and guidelines for acquisition, optimization, analysis, and quality assurance. Prospective multicenter clinical studies will be necessary to define the specific clinical benefits of these techniques by patient population and histologic subtype in terms of optimum dosimetry, dose reduction, reduced toxicities, and survival.
